[1] Numerical hydrologic simulation, in combination with synthetic weather generation, was used to assess the sensitivity of the peak flow regime for hourly, daily, and 7-day discharge to hypothetical harvesting scenarios in Redfish Creek in southern British Columbia. Simulation was based on stationary vegetation cover, thus representing potential peak flow regime adjustments during the first few critical years following harvesting. The relative difference between preharvest and postharvest peak discharge quantiles (DQ T ), estimated by comparing GEV distributions fit to the simulated preharvest and postharvest annual maximum series, tended to increase with increasing harvest area; however, the relationship was strongly influenced by the elevation distribution of harvest blocks. Although rainfall was determined to be a factor in roughly three quarters of all peak discharge events, the flood frequency of Redfish Creek is fundamentally a function of the frequency structure of snowmelt runoff. Consequently, changes in runoff synchronization between various elevation bands largely drove the magnitude of DQ T , and the degree of increased synchronization was found to be greatest following harvesting above H60 (elevation above which lies 60% of basin area) and least following harvesting below H60. As a result, only harvesting schemes that incorporated cut blocks above H60 tended to generate significant (a = 0.05) DQ T for a wide range of return periods (T ), regardless of discharge timescale. Significant DQ T ranged from 6 to 14% for hourly, 5 to 14% for daily, and 5 to 20% for 7-day discharge in the range of 1.25 T 100 years. For a given scenario, hourly and daily DQ T showed little variation with T, suggesting that small and large discharge events responded similarly to forest harvesting. However, this apparent trend substantially overstates DQ T for the largest hourly and daily peak discharge events such that the relationship of DQ T to T is inconclusive for T > 30 years. For 7-day discharge, DQ T increases with increasing T for 1.25 T 100 years. 
Introduction
[2] Forest harvesting practices in the mountainous interior of British Columbia (BC) have the potential to alter the peak flow regime by increasing the magnitude and frequency of annual maximum peak discharge events. Over time, a shift in regime can alter channel evolution, potentially jeopardizing the availability and quality of stream-associated resources [Ziemer and Lisle, 1998 ]. In mountainous terrain geomorphically and ecologically significant discharge is often associated with peak flows of recurrence intervals of 1 to >100 years (see Beschta et al. [2000] for a review). Additionally, shifts in peak discharge event occurrence also has implications for forest road engineering operations in BC, which must, by law, have stream crossing and conveyance structures designed to withstand the 100-year flood [British Columbia Ministry of Forests, 1995] .
[3] In the BC interior peak annual streamflow originates from snowpacks in high-elevation forested basins. The operational guidelines intended to mitigate peak flow impacts in this region are based on stand-level studies of forest canopy effects on the snow accumulation and melt process. At the stand scale, forest harvesting consistently increases snow accumulation and causes more rapid melt compared with unharvested stands [Toews and Gluns, 1986] ; with the ratio of forest to open snow accumulation and melt related to canopy density and snowfall amount [McNay et al., 1988; Hedstrom and Pomeroy, 1998; Winkler, 2001] . The increased snowmelt volume and reduced transpiration results in locally increased soil moisture and hillslope runoff [Troendle and Reuss, 1997] . However, the linkages between localized runoff increases and the peak flow response at the basin outlet are difficult to formulate from empirical evidence alone and remain mostly speculation. The complex topography, weather, and spatial distribution of forest and soil characteristics in mountainous watersheds governs the spatial variability of snow accumulation, melt rates, soil moisture, and runoff [Tarboton et al., 2000] . The relative impact of forest harvesting upon basin-generated annual maximum peak flow is expected, therefore to be sensitive to basin physiography and the spatial distribution, size, and type of forest management practices [Alila and Beckers, 2001] .
[4] As the many paired-basin experiments in the interior west of North America have been conducted under varied physiography and harvesting treatments they, not surprisingly, offer mixed results. Paired-basin studies in BC, Colorado, Utah, and Wyoming reveal mean increases in daily annual maximum peak discharge ranging from 8 to 66% [Troendle and King, 1985; Cheng, 1989; Burton, 1997; Troendle et al., 2001] , whereas Troendle and King [1987] and Megahan et al. [1995] did not detect any increases in peak annual discharge from paired basins in Colorado and Idaho, respectively. Further, conclusions derived from paired-basin studies are often limited to the mean peak flow response as observations of sufficient duration with which to quantify the preharvest and postharvest peak flow regime are typically lacking. This situation makes it virtually impossible to relate forest harvesting impacts to peak discharge event frequency, fueling considerable conjecture and debate in the forest hydrology community regarding the response of 'large' peak discharge events (and indeed, around the very definition of a large event) [e.g., Jones and Grant, 1996; Thomas and Megahan, 1998; Beschta et al., 2000] . A focal point of the debate is the relevance of using the observed response of small (return periods less than two years) peak events to predict the response of large peak discharge events.
[5] There exists the opportunity, however, to supplement field studies with numerical modeling techniques [Thomas and Megahan, 1998] . Although this approach has seen limited use in forest hydrology, its utility in isolating the treatment effect [Storck et al., 1998; Bowling et al., 2000] and exploring the influence of harvest type, roads, and basin physiography upon peak discharge [LaMarche and Lettenmaier, 2001; Whitaker et al., 2002; VanShaar et al., 2002] has been demonstrated. However, the latest generation of numerical models must typically be forced with subdaily meteorological information that is usually not available in mountainous terrain and when the data are available, they are usually of too short a duration to be used to quantify a basin's peak flow regime. When coupled with synthetically generated climate data, however, numerical experiments offer tremendous flexibility in that they can be driven by stationary climate data of any arbitrary duration and resolution [Kite, 1998] . Such an approach allows one to examine the response to forest harvesting of peak flows covering a sufficiently wide range of frequencies that the potential changes to the peak flow regime can be quantified with greater confidence.
[6] This paper describes an attempt to harness the advantages afforded by the coupling of synthetic climate data to a numerical hydrologic model in order to address several issues of relevance to forestland managers in the BC interior. Namely, to determine (1) how forest harvesting affects annual maximum peak discharge for recurrence intervals of 1 to 100 years, (2) whether or not a relation exists between harvest area, elevation, and peak flow impact. The paper is organized such that the study area and available hydrometric data are described in section 2. The research method is explained in section 3, including a brief overview of the numerical hydrologic model and meteorology generation process, a description of the harvest scenarios, and the use of flood frequency analysis to compare peak flow response. Results are presented in section 4 and discussed in section 5. Concluding remarks are provided in section 6.
Study Area and Hydrometric Data
[7] Redfish Creek is located in the Columbia Mountains of southeastern British Columbia (inset Figure 1) , and forms part of the Columbia River drainage system. The drainage basin is 26 km 2 in area above the stream gauge and spans an elevation range of 700 to 2300 m (Figure 1 ). Over 80% of basin area lies above 1500 m elevation (the H80 elevation) (Figure 2 ). Basin slopes are moderately steep, with a median gradient of 50%.
[8] Slopes are heavily forested with the lower elevations falling within the Interior Cedar -Hemlock (ICH) and the upper elevations within Engelmann Spruce -Subalpine Fir (ESSF) biogeoclimatic zones [British Columbia Ministry of Forests, 2003] ; with the zones roughly delineated by the H80 elevation. Above an approximate elevation of 1880 m the ESSF zone transitions into subalpine parkland, which is a sparsely vegetated subzone that occupies approximately 40% of basin area and does not hold any operable forest. To date roughly 10% of the basin area, mostly in the ICH zone, has undergone forest harvesting and is composed of clearcut blocks in various stages of regeneration.
[9] Mean annual precipitation (MAP) shows a strong trend with elevation with 1100 and 1600 mm recorded at elevations of 1290 (ICH) and 1730 m (ESSF), respectively (Burn and Cabin stations, respectively; see Figure 1 ). The gradient of snow water equivalent (SWE) with elevation is even more pronounced with mean annual SWE of 220 and 1060 mm recorded at Burn and Cabin stations, respectively, and 1500 mm mean SWE recorded in the subalpine parkland. Mean annual temperature observed over a 5-year period decreases with elevation and ranges from 5°C at Burn to 2°C at Cabin station. Peak annual streamflow from Redfish Creek typically commences at the beginning of April and peaks between mid-May and mid-June. Hydrograph recession ceases around the first week of August and base flow is maintained from late summer through to early spring.
[10] Streamflow in the main stem of Redfish Creek is gauged by the Water Survey of Canada ( Figure 1 ) and has been measured from 1967 to 1987 and 1993 to present (a total of 29 years of record). Climate data were obtained from the Burn and Cabin climate stations (Figure 1 ), which have been recording hourly measurements of air temperature, relative humidity, wind speed, and precipitation continuously since October 1992 and hourly values of global solar radiation since July of 1994 and September 1995, respectively.
Methods

Overview
[11] Numerical simulation was employed to generate a streamflow time series of 100-years duration at an hourly resolution for ten harvest scenarios. The sample annual maximum series (AMS) was extracted from each time series and used to estimate the frequency distribution of the annual maximum peak flows. Between scenarios forest cover parameters were adjusted to reflect different proportional areas and elevations of clear-cut harvesting activities while all remaining basin parameters were held constant. Each scenario was run with identical meteorological input and forest parameters were kept constant during each scenario (i.e., no regrowth or vegetation succession), thereby generating a stationary flood frequency response indicative of the first few critical years following forest harvesting. A metric expressing only a single temporal scale of streamflow may not be representative of the full range of hydrologic, geomorphic, and ecological consequences of peak annual discharge. Therefore three streamflow metrics representing the annual peak discharge of hourly (Q p,h ), daily (Q p,d ), and 7-day (Q p,7 ) streamflow were analyzed in order to derive return period (T) -dependant quantiles for hourly (Q T,h ), daily (Q T,d ), and 7-day (Q T,7 ) discharge.
Redfish Creek DHSVM Application
[12] The hydrologic response of the study basin was simulated with the distributed hydrology soil vegetation model (DHSVM) [Wigmosta et al., 1994] . This is a physically based distributed parameter model that explicitly estimates the spatial distribution of moisture, energy fluxes, and runoff generation by subdividing the model domain into small computational grid elements (25 m in the current application) using the spatial resolution of an underlying digital elevation model (DEM). DHSVM consists of a twolayer canopy model for evapotranspiration, energy balance models for canopy and ground snow accumulation and ablation, a multilayer soil model, and subsurface, surface, and channel flow routing models. The digital elevation data are used to model topographic controls on meteorology, energy, and water movement. One-dimensional energy and water balance equations are solved individually for every grid cell in the model domain at an hourly time step, which is considered the best representation of the diurnal meteorological fluctuations and rapid streamflow response that occurs within the study area. Each cell exchanges water with its adjacent neighbors, resulting in a three-dimensional redistribution of surface and subsurface water across the watershed. A complete description of model structure and governing equations is given by Wigmosta et al. [2002] with recent modifications described by Thyer et al. [2004] . The reader is referred to Whitaker et al. [2003] for a complete description of the parameterization, calibration, and validation of the Redfish Creek DHSVM application.
[13] Simulation of forest harvest effects upon peak discharge in Redfish Creek was initially undertaken by Whitaker et al. [2002] . Although Whitaker et al. [2002] offer insight into the hydrologic processes governing peak flow generation in a snowmelt-dominated basin, their analysis was based on 5-year simulation period only, which is insufficient for an analysis of peak flow regime impacts. The current study expands upon this past work. Schnorbus and Alila, submitted manuscript, 2004) and only a brief overview follows.
Precipitation
[15] The meteorology generation process begins with the stochastic generation of hourly precipitation using the modified Bartlett-Lewis rectangular pulses model (MBLRPM) [Rodriguez-Iturbe et al., 1987 . The MBLRPM generates storms of random interarrival times and duration, each storm being composed of a cluster of precipitation cells, which is approximated by a random occurrence of rectangular ''pulses,'' each of random intensity and duration. Hyetographs are constructed by summing the intensities of each precipitation cell active at a point in time. The observed relationship of precipitation occurrence and intensity at Burn and Cabin stations led to the assumption that the temporal structure of precipitation is uniform across the basin but that precipitation intensity must be scaled for elevation. Therefore the need for a multisite precipitation model was avoided by generating hourly precipitation at Burn station only, then extrapolating directly to Cabin station by scaling for elevation. The precipitation generation process was assumed seasonally variable but stationary by month. On a seasonal basis precipitation in Redfish Creek shows a clear increasing trend with elevation [Whitaker et al., 2003 ] and the precipitation gradient was estimated using cumulative monthly precipitation for Burn and Cabin stations. The precipitation data reveal a linear increase of precipitation depth with increasing elevation between the two stations, a relation that was assumed to hold basin-wide. Hourly precipitation gradient was set equal to the monthly value.
Nonprecipitation Meteorology
[16] Subsequent to the generation of hourly precipitation, daily values of maximum and minimum air temperature, average dew point temperature, and average wind speed were generated as an intermediate step. Generation of daily meteorology was based on the extended, multisite version of the multivariate lag 1 autoregressive model (MAR(1)) of Richardson [1981] [Wilks, 1999; Parlange and Katz, 2000] . The daily MAR(1) process was assumed stationary within months but variable between months. Hourly meteorology was derived by disaggregating the generated daily meteorology. Hourly air temperature was estimated by independently fitting the first two harmonics of a Fourier series to the daily maximum and minimum air temperature time series at each climate station [McCutchan, 1979] . The temperature lapse rate was estimated from the difference in generated hourly air temperature between Burn and Cabin climate stations. Hourly relative humidity was estimated assuming that dew point temperature and therefore vapor pressure, is uniform throughout the day [Campbell and Norman, 1998 ] and equal to the generated daily average value and that saturation vapor pressure fluctuates diurnally as a function of generated hourly air temperature. Because of the spatial and temporal complexity of the wind field in mountainous topography [Barry, 1992] , hourly wind speed was assumed uniform throughout the day and set equal to the generated daily average value. Hourly values of direct and diffuse solar irradiance were partitioned from global irradiance using the empirical method of Black et al. [1991] , where global solar irradiance was calculated using solar geometry [e.g., Gates, 1980] and a daily atmospheric transmissivity, estimated from daily maximum and minimum temperature by the method of Bristow and Campbell [1984] . Because of the influence of topographic shading at Cabin station, daily transmissivity was estimated for Burn station and extrapolated to Cabin station assuming spatially uniform atmospheric properties [Tarboton et al., 2000] . Hourly direct and diffuse solar irradiance was calculated for a horizontal surface, the influence of topography being accounted for explicitly within DHSVM. Hourly longwave irradiance was generated based on the Stefan-Boltzmann law [Gates, 1980] , an effective clear-sky atmospheric emmissivity (based on surface vapor pressure and air temperature) [Idso, 1981] , and an empirical cloud modification factor (based on daily atmospheric transmissivity) [Bras, 1990] .
Coupled Meteorology Generator-DHSVM Performance
[17] Assessment herein of the accuracy of the combined synthetic meteorology -DHSVM model is limited to hydrological processes fundamental to the simulation and description of the annual peak discharge regime, namely snowmelt rate and flood frequency. The accuracy of the generated meteorology and its performance in simulating annual water balance, snow accumulation, and streamflow is discussed by Schnorbus and Alila (submitted manuscript, 2004) . Snowmelt rates, simulated using either observed or generated meteorology, are compared in Figure 3 , which shows the median with 90th percentile range (i.e., 5th to 95th percentile), for the Burn, Upper Burn (Mature Forest (MF) and Clearcut (CC)), Cabin, and Alpine stations ( Figure 1 ). Also shown in Figure 3 is the median with 90th percentile range of the ratio of MF to CC melt rates for the Upper Burn snow course station. Melt rates are calculated as an average daily rate based on the difference in simulated snow water equivalent taken every 7 days over the period 1 April to 1 August. Burn, Cabin and Alpine stations are located in forest openings (i.e., canopy closure = 0), Upper Burn MF is located in a dense forest (canopy closure = 0.7), and Upper Burn CC is in a regenerating clear-cut (canopy closure = 0.1). Simulated melt rates are highly variable, using both the observed and generated meteorology, but the 90th percentile ranges from both sets of melt rates show good overlap throughout the entire melt period. The variation of melt rate with elevation (a function of snow cover extent and duration) is adequately captured, although late season melt rates simulated with synthetic meteorology are overestimated at the Upper Burn MF and Alpine sites, due to an overestimation of snow accumulation at these elevations (Schnorbus and Alila, submitted manuscript, 2004) . The variation of snowmelt with canopy cover is also well represented, as indicated by the general agreement between Upper Burn MF to CC simulated melt ratios.
[18] Daily discharge flood quantiles, calculated from either the observed (i.e., gauged) streamflow record or from streamflow simulated using the generated meteorology, are compared in Figure 4 . The observed flood frequency is derived from 29 observations (N = 29), simulated flood frequency is derived from a 100-year simulation (N = 100) of the control basin (i.e., fully forested) using generated meteorology data. Also included in this comparison are three nonoverlapping subsets of the 100-year simulated control series (N = 30 each). For the most part the generated flood quantiles tend to underestimate the observed values for all four generated series across the entire range of return intervals, with relative differences ranging from À2% at T = 1.25 years to À12% at T = 100 years for the full 100 sample synthetic flood frequency. In the return period range of 1.25 to 5 years the quantiles of the generated series 1 and 2 are significantly underestimated and fall outside the 95% confidence interval established for the observed series, with relative differences ranging from À9 to À11%. This procedure is admittedly a weak test; the simulated flood series is based on synthetic meteorological data derived from 1992 to 1997 climate statistics whereas the observed flood series is based on meteorology for the 1967 to 2001 period. The short calibration record coincides with annual peak discharge events that fall only within the range of 1.25 < T < 10 years. Ultimately, the ability to recreate the weather responsible for the entire range of peak discharge events simply by resampling from the observed climate statistics cannot be reliably assessed as most of the Redfish Creek streamflow record has been collected without the benefit of parallel observations of meteorology. In this regard it is encouraging that the simulated and observed flood frequencies are of the same order of magnitude and are, for the most part, statistically similar. The variability of the observed and simulated flood frequencies are also in general agreement, with equivalent ratios of 100-year to mean peak discharge (T = 2.33 years) of 1.8 for daily streamflow and 1.8 and 1.7, respectively, for hourly streamflow.
Harvest Scenarios
[19] The present study is based on the eight scenarios initially investigated by Whitaker et al. [2002] plus three new scenarios. The basin was divided into four elevation bands using the hypsometric curve ( Figure 2) ; the lower three elevation bands, each comprising 20% of basin area, make up the lower, middle, and upper forest zones, while the top elevation band, comprising 40% of basin area, contains most of the subalpine zone. All scenarios incorporate clearcut harvesting (i.e., complete removal of the overstory canopy, vegetation class 11) restricted to the operable forest in the three forest zones (vegetation classes 3 to 10 inclusive, Figure 5 and Table 1 ). Harvest scenarios do not consider the impact of roads or soil compaction. Of the original eight scenarios, one describes current forest cover (circa 1997) and the remaining seven logging scenarios consider 1/3 and 2/3 proportion harvest levels within the lower, middle, and upper forest zones, as well as 1/3 cut across all three forest zones (Table 2 and Figure 6 ). The original logging scenarios are based on the current vegetation distribution and, depending upon forest zone, harvest targets were first achieved by removing the overstory in existing cut blocks (vegetation classes 11 -14) and then by removing the canopy in selected forest blocks. As the majority of actual logging occurred below H60, the proportion of basin area harvested tends to increase from lower to middle to upper forest zone for a given 1/3 or 2/3 cut. Three new scenarios consider complete removal of the operable forest cover in the lower and middle, middle and upper, and lower, middle, and upper forest zones. Because of the extent of subalpine forest area (vegetation class 2) below H40, the upper forest zone contains less operable forest than the middle and lower forest zones. A baseline peak flow regime was simulated using a control scenario representing pristine forest cover, which was created by replacing existing cut blocks with mature forest identical to the surrounding forest stands.
Flood Frequency and Minimum Detectable Difference
[20] The generated peak flow regime for each scenario and streamflow metric was quantified by flood frequency analysis of the annual maximum flood series (AMS) using the generalized extreme value (GEV) distribution [Stedinger et al., 1993] . The estimation of GEV parameters was accomplished using the method of L moments using the consolidated frequency analysis (CFA) software [Pilon and Harvey, 1992] . Control and harvest flood quantiles were compared for a range of return periods (T ). The statistical significance of increased quantile discharge (one-sided test) was determined using the upper confidence limit (a = 0.05) of the control flood frequency relationship. The confidence limits of the control flood frequency function are based on the variance of the control quantile estimator, which is assumed to be asymptotically normally distributed [Stedinger et al., 1993] . The variance of the control scenario quantile estimator was derived using Monte Carlo simulation and, as expected, variance was found to increase with decreasing sample size (N) and increasing T.
[21] Assuming that forest harvesting does in fact increase the magnitude of peak discharge for a given return period, the minimum significant detectable difference between the control and harvest quantile values can be calculated as
where z 1-a is the 1-a standard normal quantile, x T0 and x T1 are the control and harvest quantile values, respectively, for return period T. Using a significance level of 0.05 and the derived quantile variances, the minimum detectable quantile increase (as a percentage of the control value) is graphically represented in Figure 7 . The detection threshold is correlated with the variance of the quantile estimator and decreases with increasing N and decreasing T as indicated in Figure 7 . The minimum difference analysis clearly highlights the advantage in using numerical simulation coupled with long-duration meteorological data. The ability to detect and quantify postharvest changes to the peak flow regime is directly related to the peak flow sample size available for analysis, albeit with diminishing returns as N increases. The choice of N = 100 for this study was considered a compromise between an adequate detection threshold and the limitations of computing speed. This numerical analysis can be considered analogous to a paired-basin study in which the preharvest and postharvest sample sizes are each 100.
Results
[22] Estimated flood quantiles based on a fitted GEV distribution for T = 1.25 to 100 years for the control scenario (Q T C ) along with the relative change in estimated quantile discharge for each harvest scenario for hourly (DQ T,h ), daily (DQ T,d ), and 7-day (DQ T,7 ) discharges are Table 1 . Table 3 . For a given return period Q T C decreases from hourly to daily to 7-day discharge.
[23] The response of DQ T is dependent upon harvest area (A H ) and harvest elevation. Harvest elevation in this context is identified by the forest zone in which harvesting is introduced, where the suffixes L, M, U, A, L2, and U2 in the scenario descriptions of Tables 2 and 3 refer to lower, middle, upper, all, lower two, and upper two forest zones, respectively. The general trend is an increase in DQ T with increasing A H at all T for all three temporal scales of streamflow (Table 3) . However, the actual DQ T response for a given scenario is dependent upon the apportioning of the harvest area among the three forest zones. This dependency is illustrated by comparing the quantile response of each scenario for daily discharge at T = 10 years in Figure 8a , which shows a plot DQ T as a function of A H . The relationship is indicative of the general trend between A H and DQ T for all streamflow metrics and return periods. Although it is apparent that DQ T generally increases with increasing A H , this simple relationship exhibits considerable scatter and cannot be easily described by a linear relation, as initially proposed by Whitaker et al. [2002] using results from a 5-year simulation study of Redfish Creek. On the basis of a linear regression, forced through the origin (i.e., 0% A H = 0% DQ T ), A H explains 65% of the variation of DQ T (T = 10 years).
[24] When results are considered on the basis of statistical significance a threshold exists in that regardless of discharge metric statistically significant DQ T occurs only when a substantial amount of harvesting occurs in the upper forest zone (!6.4% basin area; Table 2 , scenarios 1/3U, 2/3U, 1/3A, 100U2, and 100A) (Table 3 and Figure 8a ). Comparison of scenarios with similar A H values, such as 2/3L, 2/3M, and 2/3U (18 to 22% basin area) or 100L2 and 100U2 (33 to 38% basin area), show that for a given A H , DQ T tends to increase as total A H becomes progressively weighted within higher forest zones. Comparison of DQ T versus the proportion of A H within the upper forest zone shows a much more consistent relationship, especially for scenarios 1/3U, 2/3U, 1/3A, 100U2, and 100A (Figure 8b ). In this case DQ T shows a much stronger linear correlation with harvest area, which now explains 90% of the variation of DQ T (T = 10 years).
[25] The results of the current simulation suggest that in snowmelt-dominated basins Q T,h and Q T,d , estimated from the GEV distribution, are increased approximately uniformly at all return periods for a given scenario whereas DQ T,7 appears to increase with increasing T without any apparent asymptotic limit (Table 3 ). Probability plots of the simulated hourly and daily AMS for the control and scenario 100A show that the three highest discharge events are not well predicted by the respective fitted GEV distributions (Figure 9 ). Therefore the results of Table 3 , which compare GEV-estimated quantiles, clearly overstate DQ T for extreme events (T > 30 years) for hourly and daily discharge. On the other hand, both the control and scenario 100A simulated sample AMS and fitted GEV distribution for 7-day discharge show good agreement (Figure 9 ), reinforcing the conclusion that DQ T increases unchecked with increasing T (for 1.25 T 100 years) at this temporal scale. This suggest a maximum 7-day DQ T of 20% for scenarios 100U2 and 100A, implying that local unit area peak runoff increases by roughly 100% from the Tables 1 and 2, respectively. basin area between H60 and H40 (assuming an insignificant impact from harvested areas below H60).
[26] For any given scenario DQ T is only weakly dependent upon return period and exhibits small variation with changing T, with an overall range of no more than 5%. An exception occurs for DQ T,7 which nearly doubles from T = 1.25 to 100 years for scenario 2/3U and more that doubles for scenario 100A and 100U2 in this same range of T. In this respect, the significance of DQ T for a given scenario and flow metric is more a function of the relationship between quantile uncertainty and T (Figure 7 ) as opposed to any substantial change of DQ T with T. Quantile response to forest harvesting also appears to be relatively unaffected by temporal scale as values of DQ T for a given scenario and return period exhibit little variation between hourly, daily, and 7-day discharge (Table 3 ). The greatest difference in DQ T response by temporal scale occurs when extremes are combined: large harvest areas (scenarios 100L2, 100U2, and 100A) and extreme discharge events (T ! 50 years) generate DQ T that nearly doubles between hourly and 7-day discharge.
Discussion
[27] A basin's flood frequency response is the result of the frequency structure of the main climatic driver(s). MacDonald and Hoffman [1995] identified that within northern Montana and Idaho the great majority of peak discharge events are derived from rainfall during spring snowmelt. However, they also indicated that most spring rain on melting snow events were characterized by small amounts of rainfall which simply superimposed a small runoff spike upon a much larger snowmelt hydrograph [MacDonald and Hoffman, 1995, Figure 2] . The results for Redfish Creek are similar and show that approximately 75% of simulated hourly and daily Q p events are rain on melting snow (considered as events having precipitation occurrence within last 24 hours), but that for these events the major source of runoff is still derived from snowmelt. Therefore although rainfall may be a factor in flood production, the flood frequency of interior-west alpine watersheds is fundamentally governed by the snowmelt process [Loukas et al., 2000; Troendle et al., 2001] . As such, with the exception of the most extreme events, all Q p events in Redfish Creek for hourly and daily discharge, whether Figure 7 . Detection threshold for an increase in quantile discharge as a function of sample size and return period for daily discharge. W05205 SCHNORBUS AND ALILA: FOREST HARVESTING IMPACTS ON PEAK FLOW generated by snowmelt or rain on melting snow, can be considered to derive from the same population. The population of 7-day Q p events can be considered uniform across the full range of T ( Figure 9 ). As a starting point for discussion it seems reasonable to assume that the peak flow response to forest harvesting for the majority of Q p events (T < 30 years) stems from an alteration of the relative importance of snowmelt to other water balance components. Discussion of the anomalous response of the largest (T > 30 years) hourly and daily events will follow subsequently.
[28] Although annual water yield from snow-dominated basins is largely determined by the amount of water stored in the snowpack (i.e., peak SWE), seasonal peaks in streamflow are dependent upon spring climate conditions controlling snowmelt [Kattelman, 1991; VanShaar et al., 2002] . For the large, continuous snowfields in high-elevation basins radiation fluxes are typically the dominant source of energy during the spring/summer snowmelt period [Male and Granger, 1981] ; where solar radiation dominates in the open and longwave radiation dominates under a forest canopy [Adams et al., 1998 ]. Turbulent heat exchange can be significant for short periods of time [Male and Granger, 1981] , particularly early in the spring [Marks and Dozier, 1992] . However, due to extreme atmospheric stability turbulent heat flux is generally negligible under a forest canopy and represents only a relatively minor energy component in clearings during the peak snowmelt season [Adams et al., 1998 ]. The magnitude of peak annual discharge is limited by both the radiant energy available for snowmelt, which is governed by vegetation and terrain shading, and the synchronization of snowmelt runoff from the various contributing areas of the basin, which is a function of the extent of snow covered area [Kattelman, 1991] . Despite the reduction in longwave irradiation of the snowpack, the removal of the overstory canopy in clear-cut areas generally increases local melt rates at the time of peak discharge (mid-May to mid-June), primarily as a function of increased solar radiation at the snow surface [Adams et al., 1998 ]. Whitaker et al. [2002] established that within Redfish Creek changes in basin snowmelt following forest harvesting translate more or less directly into changes in runoff and streamflow during the peak discharge period; the reduction of evapotranspiration has a small but negligible impact.
[29] A clearer picture of the processes involved in peak flow response to forest harvesting is obtained by examining the peak discharge events that occurred during simulation years (SY) 74 and 77, the details of which are given in Table 4 . Interannual variability in relative peak discharge response (DQ p ) can be quite high and an example for the daily AMS for scenario 100A is shown in Figure 10 . Although DQ p is typically positive (i.e., Q p increases following harvesting), reduction in annual peak discharge occurs for certain simulation years, and the overall DQ p range in Figure 10 is À9 to 38%. From this figure it is seen that within the context of the entire AMS, SY74 and 77 represent extreme and opposite responses to forest harvesting, despite the fact that they are separated by only three years. The control magnitudes associated with these two annual peak events have small return periods for all three discharge metrics, ranging from 1.9 to 2.8 years and 1.4 to 1.6 years for SY74 and 77, respectively. Rainfall was not a direct factor in either event.
[30] The temporal evolution of basin melt is a function of the area-weighted melt that accumulates through time from each individual forest zone and the subalpine zone and the degree of runoff synchronization between the zones influences the timing and magnitude of peak basin melt and associated peak discharge. Simulated unit area melt from the lower forest, middle forest, upper forest, and subalpine zones, and basin-wide for the control and 100A scenarios for SY74 and SY77 is given in Figures 11 and 12 , respectively. Melt rates are plotted as daily averages calculated based on the reduction in unit area SWE every seven days. Control and 100A scenario hourly discharge hydrographs for SY74 and 77 are also presented in Figures 11  and 12 , respectively. The close correspondence between basin average melt and discharge is evident and it is noted that peak annual discharge occurs simultaneous with peak basin melt (for both the control and 100A scenarios) for both SY74 and SY77 (Figures 11 and 12, respectively) . During SY74, control peak basin melt and discharge occurs early in the season on 11 May when melt peaks from the middle forest, upper forest, and subalpine zones (Figure 11 ). The control peak basin melt/discharge event in SY77 occurs later in the year on 21 June and coincides with peak melt from the upper forest and subalpine zones (Figure 12 ). At the time of peak SWE snow cover never entirely covers the lower forest zone during SY74 or 77 and unit area melt from this region is inconsequential during most of the melt season.
[31] The DQ p response in any particular SY for any given scenario depends greatly on alteration of snowmelt runoff synchronization from each forest zone and the subalpine zone. Following the complete removal of all operable forest (scenario 100A) unit area melt is accelerated from the lower, middle, and upper forest zones for both SY74 and 77. The result is accelerated basin average melt for both SY74 and 77, resulting in increased runoff volume early in the melt season (prior to peak discharge) and reduced runoff volume later in the melt season (after peak discharge; Figures 11 and 12 ). This translates directly into increased discharge during the rising limb and reduced discharge during the falling limb of the SY74 and 77 hydrographs. In SY74 peak melt from the lower, middle, and upper forest zones is increased but remains synchronized with peak melt from the subalpine zone, such that scenario 100A Q p still occurs on 11 May, but at a substantially higher discharge ( Figure 11 and Table 4 ). For SY77 peak melt from the upper forest zone is shifted more than a month earlier following harvesting, synchronizing with the peak melt from the middle forest and shifting the basin average melt peak to 13 May. However, desynchronization of peak melt between the upper forest and the subalpine zone causes the postharvest Q p of 13 May SY77 to be reduced in magnitude from the control event of 21 June (Figure 12 and Table 4 ).
[32] During snow cover depletion the snow line retreats into higher elevations and the unit area melt rates from the middle forest, upper forest, and subalpine zones diverge, with melt from the subalpine zone having the longest duration (Figures 11 and 12 ). Simulated snow cover results are in agreement with observations made by Gluns [2001] , who noted that within Redfish Creek snow covered area remains fairly continuous as the snow line retreats, and at the time of Q p covers 45 to 80% of the basin, with an average at Figure 10 . Relative change in annual maximum daily peak discharge (relative to control) for scenario 100A.
65% of basin area. In other words, at occurrence of Q p in any given year the snow line may extend into the lower forest zone (i.e., >80% snow cover, such as SY74) or lie within the upper forest zone (<60% snow cover), but more typically rests just within the middle forest zone (60 -80% snow cover, such as SY77). Restricting clear-cut harvesting to the lower and middle forest zones (i.e., scenarios 1/3L, 2/3L, 1/3M, 2/3M, and 100L2) would either synchronize or desynchronize the runoff process, depending upon the elevation of the snow line for a particular Q p event. However, the overall (aggregated) impact is a small enhancement of runoff synchronization that generates an (albeit insignificant) increase in quantile discharge (Table 3) . Incorporating clear-cut harvesting (of at least 6.5% of basin area; Table 2) in the upper forest zone, which is always above the snow line at Q p occurrence, tends, for most events, to enhance runoff synchronization such that, in aggregate, quantile discharge is significantly increased for scenarios 1/3U, 2/3U, 100U2, and 100A (Table 3) . However, the timing and magnitude of snowmelt from the subalpine zone, which is substantial and unaffected by harvesting, plays a critical role in the runoff synchronization process, mitigating changes due to forest harvesting (i.e., SY77, Table 4 ).
[33] The difference in DQ T response between timescales for a given T and scenario (Table 3) is related to the varying sensitivity of peak discharge magnitude and timing to the snowmelt component of runoff. Whitaker et al. [2002] demonstrated that, on average, streamflow in Redfish Creek Figure 11 . Area average values of melt rate for each forest zone, the subalpine zone, and basin-wide plotted as daily average calculated every 7 days for (a) control, (b) scenario 100A, and (c) scenario 100A -control and (d) control and scenario 100A hourly discharge. All plots are for period 1 April to 22 September SY74.
is closely related to the radiation environment but that hourly and daily discharge also correlate strongly with precipitation occurrence. Recall that roughly 75% of simulated hourly and daily discharge events at Redfish Creek can be classified as rain on melting snow. Rain on melting snow often generates peak discharge that is not coincident in time with peak basin melt (i.e., late summer or early spring), confounding the expected effect of snowmelt synchronization/desynchronization following harvesting. In such a case the extent to which forest harvesting effects rain on melting snow peak discharge is largely dependent upon the timing of rainfall with respect to the occurrence of peak basin melt [Schnorbus, 2003] ; in many cases the DQ p that would have occurred from snowmelt alone is mitigated by the occurrence of spring/summer rainfall. Kendall rank correlation tests [Hirsch et al., 1993] indicate that a significant association ( p < 0.001) exists between 24-hour antecedent rainfall and hourly and daily peak discharge (i.e., antecedent rainfall tends to increase with increasing discharge). However, no significant association ( p > 0.05) could be established between 7-day peak discharge and any measure of antecedent rainfall between 24 and 168 hours. As hourly and daily Q p are more sensitive to antecedent rainfall than 7-day Q p , the aggregated DQ T response of hourly and daily discharge is slightly lower than that for 7-day discharge for a given T and scenario (Table 3) .
[34] Although the DHSVM output data have not yet been plumbed to the degree necessary to derive a mechanistic Figure 12 . Area average values of melt rate for each forest zone, the subalpine zone, and basin-wide plotted as daily average calculated every 7 days for (a) control, (b) scenario 100A, and (c) scenario 100A -control and (d) control and scenario 100A hourly discharge. All plots are for period 1 April to 22 September SY77. explanation for the variation of DQ T with T, it is reasoned that this relationship is intricately tied to the varying relative importance of rainfall and snowmelt/runoff synchronization. The response of 7-day discharge to forest harvesting is related simply to changes in radiation-generated snowmelt only and, although exceptions are likely on a year-by-year basis, on average over all peak discharge samples, removal of overstory vegetation tends to increase local and area average snowmelt rates. This phenomenon is likely insensitive to event frequency and it is suggested that snowmelt rates and runoff synchronization are synergistically related (i.e., the combined effect is greater that the sum of individual effects) such that DQ T increases with increasing T (Table 3) . However, it would seem that for hourly and daily discharge the increasing importance of rainfall appears to restrict the variation of and impose an upper limit upon DQ T . Additionally, the simulation results show that runoff during the most extreme hourly and daily events (T > 30 years; Figure 9 ) is derived from rain on melting snow in which high antecedent rainfall (24-hour antecedent rainfall ! 45 mm) occurs coincident in time with moderate peak basin melt. In these rare circumstances runoff is largely derived from rainfall and is not noticeably affected by changes in forest cover (interception effects being marginal), such that regardless of the degree of preharvest and postharvest melt synchronization between forest zones, the overall impact of melt changes upon DQ p is small. This phenomenon explains the deviation of preharvest and/or postharvest Q T values from the fitted GEV distributions for hourly and daily discharge, respectively, at T > 30 years ( Figure 9 ) [Schnorbus, 2003] . The results of this investigation are in contrast to those of Troendle et al. [2001] , who determined that discharge in the near-bank-full range (T = 1.5 years) for a snowmeltdominated basin in Wyoming is most influenced by timber harvest but that less frequent peak flow events are not noticeably affected. However, a note of caution is required as the relationship between DQ T and T simulated for hourly and daily discharge is inconclusive for T > 30 years, although DQ T is expected to be negligible in these cases as the hydrometeorological processes that control these events typically overshadow changes in vegetation cover [Thomas and Megahan, 1998; Beschta et al., 2000] .
Summary and Conclusion
[35] Numerical hydrologic simulation, in combination with stochastic weather generation, was used to assess the sensitivity of the peak flow regime to forest harvesting in an interior, snowmelt-dominated basin in southern British Columbia. Long-term simulations, based on stationary climate and land cover, were used to synthesize realistic flood frequency distributions for each harvest scenario. Results were used to assess the sensitivity of peak flow quantiles for hourly, daily, and 7-day discharge as a function of the area and elevation of forest harvesting. Although this approach was limited in the sense that the synthesized meteorological data were based on a short climate period, the investigative technique was useful for overcoming some of the ambiguities associated with the field-based paired watershed approach.
[36] Model results indicate that harvesting tends to increase the magnitude of quantile discharge for all scenarios and that DQ T is sensitive to harvest area and elevation. In general DQ T tends to increase with increasing harvest area, however, the relationship is strongly influenced by the elevation distribution of harvest area. Harvesting below the H60 elevation will have an insignificant impact upon peak discharge magnitude, regardless of discharge metric, harvest size, and event frequency, and DQ T shows a weak relation with harvest area. Harvesting schemes that incorporate cut blocks above the H60 elevation tend to significantly (a = 0.05) increase annual peak discharge. Peak discharge impacts becoming increasingly more severe with increasing proportion of harvest area above the H60 elevation. In aggregate, significant increases in annual peak discharge range from 6 to 14% for hourly, 5 to 14% for daily, and 5 to 20% for 7-day discharge in the range of 1.25 T 100 years.
[37] For a given scenario quantile increases show little variation with return period, with the exception of the most extreme harvest scenarios (100A and 100U2) for 7-day discharge, which produce relative quantile increases in the range of 7 to 20%. This suggests that in snowmeltdominated basins small (small T) and large (large T) events are similarly affected by forest harvesting. However, this apparent trend, which is based on quantile estimates using fitted GEV distributions, likely overstates peak discharge impact for the largest hourly and daily peak discharge events such that the relationship of DQ T to T is inconclusive for T > 30 years. These large hourly and daily peak discharge events are generated by extreme rain-on-melting snow conditions.
[38] Although rainfall is a factor in roughly three quarters of all peak discharge events (hourly and daily), the preharvest and postharvest flood frequency of an interior west basin is fundamentally a function of the frequency structure of snowmelt runoff (i.e., spring/summer climate). Changes in runoff synchronization between the forest zones and the subalpine zone largely drive changes to the annual peak flow regime following harvesting activities in Redfish Creek. The degree of increased synchronization is greatest following harvesting in the upper forest zone, least following harvesting in the lower and middle forest zones. The large elevation range, steep precipitation gradient, and 40% proportion of basin area made up of subalpine terrain control the process of snow line retreat and runoff synchronization and, subsequently, produce a clear threshold effect at the H60 elevation with respect to harvesting. The occurrence of rain during snowmelt can confound and/or moderate the synchronization process, especially if it is offset in time from the occurrence of peak basin melt. The effect of rain on melting snow becomes progressively less acute from hourly/daily to 7-day discharge. With the possible exception of extreme rain on melting snow events, the peak flow regime of snowmelt-dominated basins in the interior west differs markedly from that of coastal basins, in which peak annual discharge is sensitive to event rainfall depth, event antecedent wetness, transient snow cover, and the occurrence of fall or winter rain on snow.
[39] It is reasonable to assume that the results and conclusion stated herein regarding the alteration of the peak flow regime following forest harvesting are dependent upon the climate that forms the basis of the input meteorology. Although the sampling space available for generating synthetic meteorological data was not strictly bounded (the use of fitted parametric density functions allowed for sampling beyond the observed values), had a longer calibration record been available, it is likely that a wider range of weather phenomena would have been generated. Although the use of a short climate record for calibration is not expected to bias the simulated response of frequent peak discharge events (driven by snowmelt or small rain on melting snow), the impact upon the simulated response of large (extreme rain on melting snow) peak discharge events is probably more pronounced. It is likely that synthetic meteorology based on a longer calibration period would generate ''extreme'' rain on melting snow events more often, potentially altering the trend of DQ T to T for hourly and daily discharge. Anecdotal evidence also suggests that some of the largest peak discharge events in southeastern British Columbia are generated by fall or winter rain on snow events (D. Toews, personal communication), which are absent from the generated meteorological record. Further investigation is required to fully explore this issue.
[40] Findings from Redfish Creek should only be extended to other basins with care as it is anticipated that they are strongly dependent upon basin physiography. It is necessary to determine the extent to which results from Redfish Creek can be generalized to other basins throughout the interior of BC by conducting a similar analysis of basins located in different biogeoclimatic domains. Further research at Redfish Creek is also required to investigate the impact of road networks, soil compaction and hydrologic recovery with the regrowth of overstory vegetation. This requirement provides a strong argument for the continued maintenance of a study basin network and the continued collection of detailed hydrometeorological data within the province.
